We report an anomalous tunneling conductance with a zero bias peak in flakes of superconducting 2H-TaS2 detached through mechanical exfoliation. To explain the observed phenomenon, we construct a minimal model for a single unit cell layer of superconducting 2H-TaS2 with a simplified 2D Fermi surface and sign-changing Cooper pair wavefunction induced by Coulomb repulsion. Superconductivity is induced in the central Γ pocket, where it becomes nodal. We show that weak scattering at the nodal Fermi surface, produced by non-perturbative coupling between tip and sample, gives Andreev states that lead to a zero bias peak in the tunneling conductance. We suggest that reducing dimensionality down to a few atom thick crystals could drive a crossover from conventional to sign changing pairing in the superconductor 2H-TaS2.
We report an anomalous tunneling conductance with a zero bias peak in flakes of superconducting 2H-TaS2 detached through mechanical exfoliation. To explain the observed phenomenon, we construct a minimal model for a single unit cell layer of superconducting 2H-TaS2 with a simplified 2D Fermi surface and sign-changing Cooper pair wavefunction induced by Coulomb repulsion. Superconductivity is induced in the central Γ pocket, where it becomes nodal. We show that weak scattering at the nodal Fermi surface, produced by non-perturbative coupling between tip and sample, gives Andreev states that lead to a zero bias peak in the tunneling conductance. We suggest that reducing dimensionality down to a few atom thick crystals could drive a crossover from conventional to sign changing pairing in the superconductor 2H-TaS2.
I. INTRODUCTION.
The theoretical view of single layer and other quasi-two dimensional superconductors is at odds with the experiments available until now. Theoretical proposals point out that, in 2D, a non-simply connected Fermi surface promotes non-conventional superconductivity mediated by repulsive electron-electron interactions, that favor Kohn-Luttinger related pairing 1 . Novel superconducting states include odd momentum pairing in graphene heterostructures 2 , chiral superconductivity in doped graphene 3 or sign changing superconductivity in MoS 2 4 . Superconductivity has been found in different 2D systems, like single atom layers [5] [6] [7] [8] [9] , unit cell layers of heavy fermion compounds and in iron selenium [10] [11] [12] , electrons confined at interfaces 13, 14 , or in electron-doped MoS 2 15,16 . Experiments have studied phase diagrams as a function of carrier density, magnetic field and temperature [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Some tunneling experiments have been made 8,9,11 , reporting conventional single or multigap s-wave like superconducting tunneling features, without clear indications for Kohn-Luttinger related pairing.
Andreev bound states (ABS) are formed by scattering with defects or non-magnetic impurities in Cooper pair wavefunction sign-changing non-conventional superconductors 17 and manifest as a peak in the tunneling conductance, often at zero bias (zero bias conductance peak, ZBCP). ABS are not formed in conventional s-wave BCS superconductors with defects or non-magnetic impurities 6, 12, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . ABS are useful to produce the conditions favoring topological superconductivity and Majorana fermion physics 29, 30 , because they give a large amount of states at the Fermi level, often with linear dispersion relation 19 . Here we present Scanning Tunneling Microscopy (STM) measurements in flakes detached from the surface of the transition metal dichalcogenide 2H-TaS 2 . We find a ZBCP which becomes more pronounced when increasing separation of the flakes with the bulk. We propose a minimal model with odd parity superconductivity, which follows the spirit of Refs.
2,4 , but with an additional band having nodal induced superconductivity. We calculate the tunneling current and find that the tip-sample interaction can be non-perturbative, leading to a ZBCP formed by ABS induced by the interaction with the tip.
II. EXPERIMENTAL.
We measure a single crystalline sample of 2H-TaS 2 grown by chemical transport 31, 32 . We use STM set-up described elsewhere 33 featuring an in-situ sample positioning system that allows to easily change the scanning window and cover macroscopically different portions of the sample. We take images with a tunneling conductance around 0.3 µS, unless stated otherwise, and a bias set-point of 2.5 mV. Samples have a lateral size of 5 mm and present a residual resistance ratio around 10 with a critical temperature of T c = 3 K. The resistance vs. temperature shows a feature at 75 K due to the charge density wave (CDW) transition in this compound (inset Fig. 1c ) [34] [35] [36] [37] . Before cooling, we exfoliate the samples using the scotch tape method. We find some areas which are shiny and flat, and others with a large amount of detached and broken flakes. In the large and flat areas, superconductivity shows s-wave BCS gap features ( Fig.  1) 38,39 . In the other areas, we often identify pronounced steps, as the one shown in Fig. 2a , and places with fractured layers, as shown in Fig. 3a . Fractures and pronounced steps evidence detached flakes and are produced by exfoliation. Generally, scanning is more difficult on those areas. However, by searching many different scanning windows, we are able to obtain atomic resolution over some flakes.
III. RESULTS.
We find that on the areas with detached flakes, the detached upper surface flakes show a ZBCP, whereas the lower surface a superconducting gap (Fig. 2b) . The ZBCP disappears at the T c of the bulk ( Fig. 2c and d) . The phenomenology is varied, with peaks of different sizes. For instance, in Fig. 3 , the upper layer shows a fracture separating two regions with different tunneling conductance curves. The top left layer is a few tenths of nm more separated from the bottom layer than the top right layer (see profile in Fig. 3b ). The tunneling spectroscopy on the bottom layer shows a superconducting gap, and the one on the top layers a ZBCP. On the top left layer the ZBCP is more pronounced than on the top right layer. There appears to be a correlation between the coupling of the detached layer and the size of the ZBCP.
IV. MODELLING SUPERCONDUCTIVITY IN UNIT CELL LAYERS OF 2H-TAS2.

A. Superconductivity in flakes.
To analyze our results in 2H-TaS 2 , we construct a minimal two-dimensional tight-binding model intended to reproduce main features of the Fermi surface of 2H-TaS 2 unit cell layers (Fig. 4a) . We take a central nearly circular Fermi surface at the Γ point and also nearly circular pockets at K and K points. Electronic states on the Fermi surface have a strong 5d character, favoring an active role of electron-electron interaction as a leading superconducting instability 1 . The contribution of electron-electron interaction to K − K intervalley scattering is due to the short range part of the Coulomb potential. The latter consists in the Hubbard onsite repulsion between electrons with opposite spin in the same atomic orbital. This is not negligible for 5d electrons and favors a triplet odd-momentum pairing state, with gaps of opposite signs in different K and K valleys, ∆ K = −∆ K which breaks parity 2, 4, 15, 16, 40 . In the even-parity Γ-centered Fermi pocket, superconductivity is induced with a nodal character.
To construct the wavefunctions, we consider a triangular lattice with two d-orbitals per site, d x 2 −y 2 and d xy , up to nearest-neighbor hopping. The triangular lattice is specified by two basis vectors a 1 = (a, 0) and a 2 = (a/2, √ 3a/2), and we also define a 3 = a 2 − a 1 . On the same site the two orbitals are orthogonal and degenerate. We introduce Fermionic operators c R,α,σ for electrons at site R, with spin σ =↑, ↓ in orbital α = d x 2 −y 2 , d xy and group them in the orbital vector c R,σ . A gap that changes sign between the K and K valley can be modeled as an imaginary nearest neighbor pairing, in the spirit of the Haldane model 41 . The Hamiltonian can be compactly written as
where (h i ) α,β ≡ h R,α;R+ai,β for i = 1, 2, 3 is the hopping matrix element between orbital α in site R and orbital β in site R + a i . The matrices h i are parametrized by two independent hoppings t ddσ and t ddπ as in Ref. 42 . In the Nambu basis defined by the 8-component vector
the time reversal operator, the Bogoliubov -de Gennes Hamiltonian reads H
, where s i and τ i are Pauli matrices acting on the spin and particle-hole subspaces, respectively, µ the chemical potential,
, and the triplet f -wave gap function is ∆ k = 2δ
Choosing the Fermi energy at half the bandwidth, µ = 0, for t ddπ ≤ t ddσ /3 the Fermi surface (Fig. 4 left) consists of two inequivalent pockets centered at the K and K points, defined by the − k = µ, and a pocket centered about the Γ point, defined by + k = µ. The odd-momentum gap function has strength approximately ∆ K ∼ 4δ on the K and K valleys, and it induces a weaker pairing ∆ Γ ∼ δ on the Γ pocket characterized by sign changing nodes (see Fig. 4 ).
Scattering at localized centers has been extensively considered by literature in nodal d-wave superconductors 19, [43] [44] [45] and in graphene [46] [47] [48] . Both share a particle-hole symmetric spectrum and a low energy Dirac-like dispersion. In nodal d-wave superconductors, scattering induced mixing of wave functions characterized by sign changing gap produces ABS, breaks pairs and leads to a decrease in T c . Within our model, the leading superconducting instability, arising upon short range repulsive electron-electron K − K intervalley scattering, generates a gap with strength ∆ K on the K valley. But close to the Fermi energy the relevant energy scale is the reduced gap δ on the Γ pocket that determines the cutoff scale for the linear approximation around the nodal points. Weak scattering in the Γ pocket is enough to produce ABS because δ is small. We calculate the tunneling current using Nambu-Keldysh non-equilibrium formalism [49] [50] [51] , where the tunneling is treated at all orders in perturbation theory. Assuming a point-like tunneling of amplitude t 0 , the current is determined by the momentum-averaged superconductor Green's functionĝ s (z) = k (z − H BdG k ) −1 , which, due to oddness of the gap function, yields no contribution from Andreev reflection in the tip. Following Ref. 51 , the conductance is
where g α (ω) = Trĝ α (ω + i0 + )/2 and ρ α = −Im g α /π, with α = tip, sc. In the denominator of Eq. (2) we recognize the tip self-energy, Σ tip = t 2 0 g tip . Close to the Fermi energy it is natural to assume Σ tip = −iπt 2 0 ρ tip , with ρ tip constant tip DOS at the Fermi energy. A resonant behavior is reached when the denominator of Eq. (2) goes to zero,
These are the poles of the tip-modified superconductor Green's function at the tip position. The problem is analogous to the case of a strongly scattering scalar impurity in a d-wave nodal superconductor, where a localized virtually bound state is induced 19, 44, 45 . In our case, the source Σ tip is purely imaginary. Following Ref. 45 , by approximating the nodal points as Dirac cones in the limit |ω| δ, we find a purely imaginary resonance Ω = iδx, with x log x = 1/λ , where λ = N f t 2 0 ρ tip /t ddσ is the effective coupling, and N f = 12 the total number of flavors (six spin-degenerate Dirac cones). The tip locally breaks time-reversal symmetry and in the limit λ → ∞ produces a resonance at zero energy characterized by a large broadening of order of δ.
We numerically calculate the tunneling conductance for the model Eq.
(1) for a constant imaginary self-energy. We assume the tip couples to a particular site, with equal strength t 0 to the two d x 2 −y 2 and d xy orbitals. When dealing with the tight-binding model the coupling constant becomesλ = t 2 0 ρ tip /t ddσ , that is smaller than the effective low energy coupling constant λ by about an order of magnitude,λ = λ √ 3/(N f ) λ. A relatively weak tip-sample coupling can become non-perturbative at the low energy scale δ. For very weak couplingλ 1 (λ < 1) the conductance shows a local density of states with a gap at ∆ K on the K and K Fermi pockets, and a small nodal gap ∆ Γ on the Γ pocket. For larger couplingλ ≤ 1 (λ > 1) a broad ZBCP occurs (Fig. 4) . The features indicative of the larger sized gap structure are washed out if coupling is unequal and stronger to the Γ pocket. With large coupling, the interaction is non-perturbative and the size of the ZBCP, compared to the tunneling conductance, does not vary strongly.
The nodal superconductivity giving the ZBCP is weak because it is induced by the K bands. Thus, the ZBCP appears for a range of relatively weak tip-sample couplings. Tip-sample coupling t 0 on order of 0.1∆ K remains perturbative with respect to the K band but is enough to produce a sizeable ABS in the Γ pocket.
V. DISCUSSION.
In our experiment, we observe a ZBCP centered at the Fermi level that is essentially featureless. The ZBCP remains of same order within a conductance range of 0.2 and 2 µS. This can be expected, since the small induced gap on the Γ pocket makes the perturbative regime with respect to this band inaccessible for operational values of the tunneling conductance. Thus, tunneling into the Γ band remains non-perturbative and gives a ZBCP, whose size, as discussed below, depends on the coupling between the detached surface layer and the layer below.
2H-TaS 2 is a quasi-two dimensional layered transition-metal dichalcogenide and belongs to the series of 2H-MX 2 with M = Ta, Nb and X = S, Se. Experiments report two-band superconducting gaps in 2H-NbSe 2 and in 2H-NbS 2 52-55 . In 2H-TaSe 2 , mixed surfaces are observed, which consist of a unit cell superconducting 2H-TaSe 2 over non-superconducting 1T-TaSe 2 crystallizing in a trigonal structural polytype. These superconducting unit cell 2H-TaSe 2 layers give also images with a ZBCP in the tunneling conductance 56 . The model presented here can also explain qualitatively this behavior. There are some relevant differences, however. In 2H-TaS 2 the ZBCP is more difficult to find than in 2H-TaSe 2 and appears only by intensive searching for detached layers. After exfoliation with scotch tape, 2H-TaSe 2 has a stronger tendency to form large flat areas with mixed polytypes close to the surface, and 2H-TaS 2 shows often nice flat surfaces, separated by areas with detached layers. Moreover, strong atomic scale modulations are observed in the size of the ZBCP in 2H-TaSe 2 . By contrast, the ZBCP discussed here in 2H-TaS 2 is roughly homogeneous at atomic scale. The van der Waals gap between M X 2 layers increases from 2H-NbS 2 , 2H-NbSe 2 , 2H-TaS 2 and 2H-TaSe 2 , with the latter two compounds having a mostly two-dimensional Fermi surface 34 . Stronger coupling between layers for the Nb compounds may explain why ZBCP have only been observed in the Ta compounds. The form and electronic properties of the interlayer coupling seem rather important in the formation of ZBCP.
Our experiment and model suggests that there can be an interesting crossover behavior from a nodal odd-momentum gap in the detached flake case, that manifests itself with the appearance of a ZBCP, to an ordinary BCS gap in the bulk case, depending on the coupling between layers. For instance, the peak in Fig. 3 increases with the step height. We expect that coupling with the substrate affects the whole layer, and leads to averaging of sign changing gap features, and not localized Andreev levels as those formed by a point scatterer. At present, it appears challenging to better control interlayer coupling and study this effect quantitatively. But this may become possible in future using intercalation of molecular compounds between layers 32 , and would open a way to modify parity and spatial structure of pairing interactions.
The T c values where the ZBCP disappears are of order of those found in the substrate. The T c in the transition metal dichalcogenides can vary between 0.1 K and 10 K 57 depending on pressure or defects in the crystal. Thus, internal strain is probably important in explaining superconducting T c in layers. New superconducting properties might be unveiled by further improving unit cell layer synthesis and measurement.
VI. CONCLUSIONS.
In summary, we provide a model according to which unit cell layers of two-dimensional 2H-TaS 2 present induced nodal superconductivity that can be perturbed by weak scattering. Extended Andreev excitations at the Fermi level can arise without a significant pair breaking effect on the main superconducting bands. The proposed mechanism suggests a way to generate ABS in a controlled way and can be extended to other non-conventional superconducting systems. Experiments in detached flakes of the transition metal dichalcogenide 2H-TaS 2 present a strong zero bias conductance peak, which can be understood as an ABS produced by nodal induced superconductivity, as proposed in our model. This suggests that flakes a few atoms thick could show very different superconducting properties than the bulk counterpart.
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